During pancreatic development, endocrine and exocrine cell types arise from common precursors in foregut endoderm. However, little information is available regarding regulation of pancreatic epithelial differentiation in specific precursor populations. We show that undifferentiated epithelial precursors in E10.5 mouse pancreas express nestin, an intermediate filament also expressed in neural stem cells. Within developing pancreatic epithelium, nestin is co-expressed with pdx1 and p48, but not ngn3. Epithelial nestin expression is extinguished upon differentiation of endocrine and exocrine cell types, and no nestin-positive epithelial cells are observed by E15.5. In E10.5 dorsal bud explants, activation of EGF signaling results in maintenance of undifferentiated nestin-positive precursors at the expense of differentiated acinar cells, suggesting a precursor/progeny relationship between these cell types. This relationship was confirmed by rigorous lineage tracing studies using nestin regulatory elements to drive Cre-mediated labeling of nestin-positive precursor cells and their progeny. These experiments demonstrate that a nestin promoter/enhancer element containing the second intron of the mouse nestin locus is active in undifferentiated E10.5 pancreatic epithelial cells, and that these nestin-positive precursors contribute to the generation of differentiated acinar cells. As in neural tissue, nestin-positive cells act as epithelial progenitors during pancreatic development, and may be regulated by EGF receptor activity. q
Introduction
Most epithelial tissues are characterized by a significant capacity for regeneration and repair, felt to be mediated by tissue-specific multi-potent precursor cells. In both adult and embryonic brain, epithelial precursors are frequently characterized by expression of nestin, an intermediate filament expressed in embryonic neural tube and in subependymal neuroectodermal stem cells. (Kawaguchi et al., 2001; Lendahl et al., 1990) Nestin is downregulated in the differentiating progeny of these precursor cells, and is not detected in mature neurons, astrocytes, or oligodendrocytes. Similarly, nestin is expressed in skeletal and cardiac muscle progenitors, but is down-regulated during myoblast fusion. (Kachinsky et al., 1994 (Kachinsky et al., , 1995 In adult pancreas, nestin-positive cells have been identified and isolated from rat and human pancreatic islets, and share features in common with hematopoietic stem cells, including Hoechst dye exclusion and expression of the ATP-binding cassette transporter, ABCG2. Hunziker and Stein, 2000; Lechner et al., 2002; Zulewski et al., 2001 ) These nestin-positive islet-derived progenitors exhibit an extended proliferative capacity and a multipotent differentiation potential, including the ability to generate a variety of pancreatic and non-pancreatic epithelial cell types. Further evidence regarding a precursor function for nestin-positive cells is provided by the finding that mouse embryoid bodies are capable of generating three dimensional clusters resembling pancreatic islets when cultured under conditions favoring selective expansion of nestin-positive intermediates. (Lumelsky et al., 2001) However, the presence of nestin-positive precursors in either embryonic or adult pancreatic epithelium has recently been debated, and several studies have suggested that nestin expression in pancreatic tissue is limited to mesenchymal and/or endothelial cells. (Klein et al., 2003; Lardon et al., 2002; Selander and Edlund, 2002) In order to further clarify the developmental potential of nestin-positive cells in pancreatic tissue, we have determined the identity and location of nestin-positive epithelial precursors in embryonic mouse pancreas, and also examined the ability of these precursors to generate differentiated endocrine and exocrine progeny.
Results
In order to determine the presence or absence of nestinpositive precursor cells in developing mouse pancreas, immunofluorescent analysis was performed on embryonic and adult pancreas using two different anti-nestin antibodies. Both antibodies demonstrated strong expression of nestin in pancreatic mesenchymal cells at all stages of development. Using double labeling for E-cadherin to mark epithelial cells, both anti-nestin antibodies also revealed lower level nestin expression in undifferentiated epithelium of E10.5 but not E15.5 or adult pancreas (Fig. 1) . Virtually all cells within the E10.5 pancreatic bud were E-cadherin positive ( Fig. 1A -D; see Fig. 2A ,B for rare exception) and vimentin-negative (data not shown), eliminating the possibility that nestin expression within the bud reflected incorporation of mesenchymal cells between epithelial folds. Detailed analysis of nestin expression in E10.5 pancreatic epithelium and adjacent foregut endoderm confirmed nestin expression in E-cadherin-positive dorsal pancreatic bud epithelium, but not in adjacent foregut (Figs. 1A, B and 2A, B) . This distinctive staining pattern was Fig. 1 . Nestin is expressed in undifferentiated epithelial cells in embryonic pancreas. Double immunofluorescence staining of E10.5 dorsal pancreatic rudiment (A -D), E15.5 (E-H), and adult (I -L) mouse pancreas using antibodies against E-cadherin (A,E,I) and nestin (B,F,J). Images of E-cadherin and nestin staining were merged with (D,H,L) or without DAPI (C,G,K). Inset in (A) shows E-cadherin and Pdx-1 expression on a consecutive section. DAPI staining in (D) confirms absence of E-cadherin-negative cells within epithelial bud, confirming that nestin expression within the bud is not due to invasion of surrounding mesenchyme. Epithelial expression of nestin is observed on E10.5 (A -D), but is lost by E15.5 (E-L), concomitant with differentiation of endocrine and exocrine cell types. Nestin is subsequently detected only in endothelial and mesenchymal peri-acinar cells. Broken lines and dots in B outline the gut and the dorsal pancreatic anlagen, respectively. Bars 50 mm.
observed for both anti-nestin antibodies. The sharp borderline observed between Pdx1-positive, nestin-positive pancreatic epithelium and Pdx-1-positive, nestin-negative foregut epithelium suggests a fundamental difference regarding precursor populations in these tissues, and indicates that the presence of Pdx1 is not sufficient for nestin expression (see E-cadherin/nestin and E-cadherin/ Pdx1 staining of consecutive sections in Fig. 2A -E ; arrows in A and B indicate the borderline between nestin-positive and nestin-negative Pdx-1 expressing cells).
Using confocal microscopy and Z-axis analysis of 1 mm optical sections, nestin and E-cadherin were found to be coexpressed in Pdx1-positive pancreatic bud epithelium, whereas nestin expression at the level of adjacent foregut epithelium was confined to surrounding mesenchymal cells ( Fig. 2A -C) . At the level of foregut epithelium, nestin is detected exclusively in E-cadherin-negative mesenchymal cells flanking the non-pancreatic Pdx-1-positive gut epithelium (Fig. 2C 0 ). However, at the level of the pancreatic bud, nestin is co-expressed with E-cadherin in pancreatic epithelial cells. While the majority of epithelial cells (Fig. 2C 00 ) in E10.5 pancreas show no evidence of endocrine or exocrine differentiation, a subpopulation of glucagonpositive endocrine cells is detectable at this stage. Nestin protein was not observed in these differentiated a-cells (Fig. 2G -I 0 ), consistent with nestin expression by undifferentiated epithelial precursors but not by differentiated cell types. This principle is further supported by examination of late stage embryos and adult pancreatic tissue. By E15.5, when the majority of the pancreatic epithelial cells have undergone differentiation, epithelial expression of nestin is lost ( Fig. 1E -H) . Similarly, no co-expression of E-cadherin and nestin could be detected in adult pancreas (Fig. 1I -L) .
Together, these data demonstrate that nestin is expressed in undifferentiated pancreatic epithelium, but not in adjacent foregut. Nestin expression in embryonic pancreatic epithelium is lost in differentiated progeny, similar to the pattern observed in neuronal and myocyte differentiation. (Kachinsky et al., 1994 (Kachinsky et al., , 1995 Kawaguchi et al., 2001; Lendahl et al., 1990) . In the central nervous system, proliferation and differentiation of nestin-positive progenitor cells are regulated by EGF receptor signaling. (Chiang et al., 1996; Kornblum et al., 1999; Reynolds et al., 1992) Based on previous reports suggesting a negative influence of EGF receptor signaling on pancreatic epithelial differentiation (CrasMeneur et al., 2001) we next examined the effect of TGFa, an EGF receptor ligand, on differentiation of nestin-positive precursor cells in E10.5 pancreas. Explant cultures of E10.5 dorsal pancreatic buds and adjacent dorsal mesenchyme were initiated as previously described (Esni et al., 2001; Gittes et al., 1996) and maintained in 10% fetal calf serum with or without recombinant human TGFa (50 ng/ml). Over a seven day culture period, control dorsal bud explants underwent normal differentiation of glucagon-positive a-cells, insulin-positive b-cells and amylase-positive acinar cells, as previously reported (Fig. 3E -J) . (Gittes et al., 1996) As expected, no nestin-positive epithelial cells were observed in these fully differentiated explants (Fig. 3C,D) . Examination of 1 mm optical sections from 7-day explants cultured in the absence of TGFa demonstrated nestin expression confined entirely to mesenchymal cells, with no detectable nestin expression in E-cadherin-positive epithelial cells (Fig. 3A) . In explant cultures treated with TGFa, differentiation of a-and b-cells proceeded normally, while differentiation of amylase-positive acinar cells was markedly reduced (Fig. 3O -T) . Instead of undergoing normal exocrine differentiation, TGFa-treated explants demonstrated a preserved population of undifferentiated nestin-positive precursors, similar to that observed in freshly harvested E10.5 pancreatic tissue (Fig. 3M,N) . Examination of 1 mm optical sections from TGFa-treated explants confirmed maintenance of nestin expression in E-cadherin-positive epithelial cells (Fig 3K) . Together, these data demonstrate that, as in the central nervous system, a population of undifferentiated nestin-positive epithelial cells is present within embryonic pancreas, and that differentiation of this population is regulated by EGF receptor signaling.
Further validation of nestin expression by E10.5 pancreatic epithelial cells was obtained by immunostaining of individual cells following trypsinization of freshly harvested epithelial buds (Fig. 4) . Isolated cells from E10.5 dorsal buds demonstrated co-expression of nestin with both Pdx1 and E-cadherin. In these cells, nestin protein tended to be distributed assymetically within the cytoplasm. Occasional E-cadherin-positive, Pdx1-positive cells lacking nestin expression were also observed, as were E-cadherinnegative, Pdx1-negative, nestin-positive mesenchymal cells. When dorsal buds were subjected to explant culture for seven days prior to harvest and isolated cell preparation, the proportion of nestin-positive epithelial cells was dramatically reduced, similar to the progressive loss of nestin expression observed during in vivo pancreatic development. In explants treated with TGFa, examination of isolated cell preparations confirmed maintenance of an abundant E-cadherin-positive, Pdx1-positive, nestin-positive population, similar to the pattern observed on cryosections of whole buds. These results provide compelling evidence that nestin is indeed expressed by undifferentiated Fig. 4 . Nestin is expressed in isolated pancreatic epithelial cells in vivo and in vitro. Isolated cells were prepared from freshly harvested E10.5 dorsal pancreatic bud _(A,D,G), or from untreated (B, E,H) and TGF-a treated (C,F,I) dorsal bud explants following seven days of culture. Double immunofluoresccnet staining performed using antibodies against nestin and pdx-1 (A-C), nestin and E-cadherin (D -F), pdx-1 and E-cadherin (G -I). At E10.5 a subset of pdx-1 positive (A) and E-cadherin positive cells (D) within the dorsal pancreatic epithelium express nestin. After 7 days in culture, the vast majority of the pancreatic epithelial cells in control explants showed no co-expression of nestin/pdx-1 (B) or nestin/E-cadherin (E). In contrast, large number of pdx-1 positive (C) or E-cadherin positive (F) cells were shown to express nestin in TGF-a treated explants. Arrows and arrowheads indicate nestin-positive and nestin-negative pancreatic epithelial cells, respectively. Bar 20 mm.
pancreatic epithelial cells, and further exclude the possibility of invaginated mesenchymal cells as the sole source of nestin immunoreactivity in developing epithelial buds.
In order to investigate the capacity for nestin-positive progenitors to enter specific lineages in developing pancreas, we first examined expression of nestin in differentiating endocrine and exocrine cells, identified by expression of either p48 or ngn3 (Fig. 5) . Although both p48 and nestin were detected in E11.5 pancreas, little co-expression was observed until E13.5, when p48-positive, nestin-positive cells were frequently identified. These cells were typically present in clusters located in the periphery of the developing pancreatic bud, consistent with developing acini (Fig. 5B) . By the time of detectable amylase expression on E15.5, nestin expression was no longer detectable in p48-positive acinar cells (Fig. 5C ). Although p48 may be expressed in a common endocrine/exocrine precursor population during early pancreatic development (Chiang and Melton, 2003; Kawaguchi et al., 2002) , recent expression profiling studies suggest that p48 expression is silenced in endocrine precursors prior to E13.5 (Chiang and Melton, 2003) . Combined with the abundance and peripheral location of p48-positive, nestin-positive cells in E13.5 pancreas, these data suggest that nestin is expressed in an exocrine precursor population.
With respect to endocrine precursors, we were unable to identify ngn3-positive, nestin-positive cells at any stage of pancreatic development (Fig. 5D -F) . Ngn3 protein was first detectable in significant numbers of cells on E13.5; these Fig. 5 . Nestin is expressed in subset of exocrine precursor cells. Double immuno-fluorescence staining of E11.5 (A), E13.5 (B,D), E14.5 (E), and E15.5 (C,F) pancreas using antibodies against nestin and p48 (A-C), nestin and ngn3 (D -F). Immunofluorescence staining of E14.5 (G,H) pancreas using antibodies against p48 (G), and ngn3 (H). Schematic graph showing relative number of nestin/p48, nestin/ngn3, as well as nestin/E-cadherin co-expressing pancreatic epithelial cells in vivo and in vitro (I). Although no nestin/p48 co-expressing cells could be detected at E11.5(A), an increasing number of p48-postive cells expressing nestin could be seen starting at E12.5, reaching peak frequency at E14.5 (B, I). Concomitant with the onset of amylase expression on E15.5, no nestin/p48 positive cells could be detected. Cells co-expressing nestin and ngn3 were not observed at any developmental time point (D-F). Bars 40 mm (A-F) and 120 mm (G, H). cells contained no detectable nestin protein, and no detectable p48. Because we are unable to exclude nestin expression in an early endocrine precursor prior to the onset of ngn3 expression, these results remain uninformative with respect to the ability of nestin-positive progenitors to generate differentiated endocrine cells.
Additional insights regarding the ability of nestinpositive precursors to productively enter endocrine and exocrine lineages were provided by formal lineage tracing studies using Cre-activated lineage labels in developing mouse pancreas (Gu et al., 2002; Kawaguchi et al., 2002) . For these studies, freshly isolated E10.5 dorsal epithelial buds were infected with previously characterized adenoviral vectors (Kurihara et al., 2000) encoding Cre recombinase driven by one of three different regulatory elements: (1) a chicken beta-actin/CMV promoter for ubiquitous Cre expression (CAG-Cre); (2) a chimeric rat nestin regulatory element involving a 2.1 kb 5 0 promoter fused to a 1.8 kb genomic element containing the nestin second intron with parts of flanking exons 2 and 3 (2iNP-Cre), previously shown to drive gene expression in murine CNS progenitor cells and in human glioblastoma (Kurihara et al., 2000; Lothian and Lendahl, 1997) ; and (3) an identical 2.1 kb 5 0 promoter fused to a 1.3 kb element containing first nestin intron with parts of flanking exons 1 and 2 (1iNP-Cre), previously shown to drive gene expression in vascular endothelial cells (Takeuchi, unpublished data). In order to label nestin-positive precursor cells and their progeny in a heritable manner independent of ongoing nestin expression, E10.5 epithelial buds were coinfected with either CAG-Cre, 2iNP-Cre, or 1iNP-Cre in combination with vectors encoding either Cre-activated GFP Fig. 6 . Nestin regulatory elements drive Cre-mediated activation of lacZ reporter in developing pancreatic epithelium. Whole mount lacZ staining of pancreatic explants after adenoviral infection with CAG-loxP-stop-loxP-b-gal alone (E), or in combination with CAG-Cre (A, B), 1iNP-Cre (C), or 2iNP-Cre (D). After infection, E10.5 dorsal pancreatic epithelium were either harvested (A), or recombined with mesenchyme and harvested after 6 days in culture (B -E). LacZ activation indicated by extensive blue reaction product in A, B and D and lower frequency, peripheral staining in C. Darker grey areas marked by asterisks indicate areas of explant opacity unrelated to lacZ expression.
(loxP-stop-loxP-GFP) or Cre-activated lacZ (loxP-stoploxP-lacZ) (Kurihara et al., 2000) . Following infection, epithelial buds were recombined with dorsal mesenchyme and allowed to develop as explant cultures over a six-day time course. As demonstrated in Fig. 6 , epithelial buds infected with CAG-Cre and loxP-stop-loxP-lacZ demonstrated widespread labeling, both 48 h after infection as well as 6 days after recombination with mesenchyme and initiation of explant culture. In contrast, uninfected buds or buds infected with loxP-stop-loxP-lacZ alone showed no detectable lacZ expression. Epithelial buds infected with 2iNP-Cre and loxP-stop-loxP-lacZ also showed widespread labeling of developing epithelium. These results further confirm nestin gene expression in developing pancreatic epithelium, and define a rat nestin second intron-based promoter/enhancer element as sufficient to drive gene expression in developing mouse pancreas. In contrast, lacZ expression following infection with 1iNP-Cre and loxP-stop-loxP-lacZ was confined to rare cells on the extreme periphery of the epithelial bud, likely representing contaminating mesenchymal cells.
Additional studies involving coinfection of CAG-Cre, 2iNP-Cre, or 1iNP-Cre in combination with loxP-stoploxP-GFP were performed to assess the contribution of nestin-positive precursors to exocrine and endocrine lineages. Initial examination of isolated buds at 48 h following infection revealed patterns of GFP expression identical to those observed for lacZ (see inserts in Fig. 7) , identifying 2iNP as an active promoter/enhancer element in E10.5 mouse pancreas. Following recombination with Fig. 7 . Nestin-expressing precursor cells productively enter the exocrine lineage. Double immunofluorescence staining of adenoviral-infected pancreatic explants using antibodies against E-cadherin and insulin (A,D,G), E-cadherin and glucagon (B,E,H), and E-cadherin and amylase (C,F,I). E10.5 dorsal pancreatic buds were double-infected with CAG-loxP-stop-loxP-GFP and either CAG-Cre (A-C), 1iNP-Cre (D -F) or 2iNP-Cre (G-I). After infection, naked buds were recombined with mesenchyme and harvested after 6 days in culture. While CAG-Cre-activated GFP expression was apparent in mesenchymal, endocrine and exocrine cell types, 2iNP-Cre-activated GFP expression activity could be detected only in mesenchymal and amylase-positive exocrine cells. 1iNP-Cre-activated GFP expression was observed only E-cadherin negative mesenchymal cells. Insets in A,F, and G show infected dorsal pancreatic buds expressing GFP prior to recombination with mesenchyme. Arrows in A-C indicate GFP-positive insulin, glucagon, and amylase cells. Arrowheads in I show co-expression of amylase and GFP. Bar 10 mm. mesenchyme and 6 days of explant culture, buds were then harvested and examined for expression of GFP in combination with E-cadherin and markers of endocrine and exocrine differentiation. For buds infected with CAGCre and loxP-stop-loxP-GFP, abundant GFP-positive cells were identified expressing E-cadherin in combination with either amylase, glucagon or insulin (Fig. 7A -C) . Buds infected with 2iNP-Cre and loxP-stop-loxP-GFP demonstrated multiple GFP-positive cells expressing both E-cadherin and amylase, confirming the ability of nestinpositive precursors to generate differentiated acinar cells (Fig. 7F) . In contrast to buds in which GFP expression had been activated by CAG-Cre, GFP-positive cells expressing E-cadherin and either insulin or glucagon were not identified following GFP activation with 2iNP-Cre (Fig. 7G,H ), raising uncertainty with respect to the ability of nestin-positive precursors to initiate an endocrine differentiation pathway. Buds infected with 1iNP-Cre and loxP-stop-loxP-GFP demonstrated GFP expression only in E-cadherin-negative, vimentin-positive mesenchymal cells, further confirming the specificity of labeling induced by 2iNP-Cre ( Fig. 7D -F ; vimentin labeling not shown).
Discussion
The current data define a novel population of nestinpositive epithelial precursors in embryonic pancreas, and demonstrate that these cells contribute to the generation of differentiated acinar cells under potential regulation of TGFa. Although nestin expression by undifferentiated epithelial cells occurs at relatively low levels compared to surrounding mesenchymal cells, the current data suggest that nestin detection in undifferentiated pancreatic epithelium accurately identifies an epithelial precursor population. This conclusion is supported by observed expression of nestin in developing pancreatic epithelium but not in immediately adjacent gut epithelium, by the absence of nestin expression in early-differentiating a-cells as well as later-differentiating b-and acinar cells, by the identification of nestin expression in isolated Pdx1-positive, E-cadherinpositive epithelial cells in the absence of mesenchymal elements, by the activity of a nestin promoter/enhancer element in E10.5 epithelial buds, and by the ability of nestin-positive precursors to generate differentiated acinar cells. These data may help to clarify the role of nestinexpressing cells in developing pancreatic epithelium, as well as in candidate precursor populations identified in adult pancreas. In addition to previous identification of nestin expression in mesenchymal cells of embryonic pancreas (Selander and Edlund, 2002) , as well as stellate cells and endothelial cells of adult pancreas (Klein et al., 2003; Lardon et al., 2002) , the current study provides strong support for nestin expression in a pancreatic epithelial compartment, as previously suggested by others Huang and Tang, 2003; Hunziker and Stein, 2000; Lechner et al., 2002; Petropavlovskaia and Rosenberg, 2002; Zhang et al., 2002; Zulewski et al., 2001) , Given the known role of nestin-positive precursors in developing CNS (Kawaguchi et al., 2001; Lendahl et al., 1990) , the presence of EGFR-regulated, nestin-expressing pancreatic epithelial progenitors appears to represent another example of analogy between developing neuroepithelium and developing pancreas. (Edlund, 1999; Gradwohl et al., 2000; Kim and Hebrok, 2001) . In this regard, it is somewhat surprising to observe differentiated exocrine cells arising from nestin-positive precursors. Nevertheless, this conclusion is supported by a compelling combination of results. First, nestin protein was found to be co-expressed with p48 in pancreatic epithelium on E13.5, a time point at which p48 expression is apparently restricted to an exocrine precursor population (Chiang and Melton, 2003) . Second, a reciprocal relationship was observed between the number of differentiated acinar cells and the number of undifferentiated nestin-positive cells in developing pancreas, as revealed by treatment of E10.5 dorsal bud explants with TGFa. In addition, our formal lineage tracing studies demonstrated that differentiated acinar cells arise from cells expressing Cre-recombinase under the control of nestin genomic regulatory elements. Finally, recent transcript profiling in single epithelial cells from developing mouse pancreas suggests apparent nestin expression in an early precursor, prior to divergence of the exocrine and endocrine lineages (Chiang and Melton, 2003) . Although not generally recognized to pursue a classical neuroendocrine differentiation program, pancreatic acinar cells may utilize neural differentiation pathways to a greater degree than previously realized, reflected in the current results as well as by recent reports identifying expression of acinar cell markers such as dimmed/Mist1 and p48 in various neuronal cell types (Hewes et al., 2003; Obata et al., 2001) .
Also surprising is the failure to identify differentiated endocrine cells as descendants of nestin-positive precursors, given the significant overlap in nuclear transcription factors known to drive both neural and neuroendocrine differentiation. These negative results are more difficult to interpret, however, as multiple factors may have limited the ability to document low-frequency endocrine differentiation within the broader population of nestin-positive epithelial cells. As previously discussed, the failure to identify coexpression of nestin and ngn3 does not necessarily exclude a possible precursor/progeny relationship between nestin-positive and ngn3-positive cells. Although we were readily able to observe endocrine differentiation in cells labeled by CAG-Cre expression, it may be that the inability to identify endocrine progeny among cells labeled by 2iNP-Cre reflects the relatively low abundance of endocrine cells relative to exocrine cells following six days of explant culture. Finally, it may be that endocrine cell lineages arise from a subpopulation of nestin-positive cells in which nestin expression is driven by promoter/enhancer elements not present in the 2iNP construct. Given the increasingly recognized relationship between expanded nestin positivity, insulin expression and islet neogenesis Huang and Tang, 2003; Petropavlovskaia and Rosenberg, 2002; Zhang et al., 2002; Zulewski et al., 2001) , the possible derivation of islet cells from nestin-positive precursors requires continued investigation. This is especially true in adult pancreas, in which significant plasticity is apparent, allowing relatively unrestricted interconversion between differentiated cell types (reviewed by Meszoely et al., 2001) . In this regard, we have recently demonstrated that both Notch and EGF receptor activation induce transient re-emergence of nestin-positive cells in adult pancreatic epithelium (Miyamoto et al., 2003) , apparently by dedifferentiation of mature acinar cells. Together with the current findings, these results suggest that nestinpositive precursors may not only participate in generation of differentiated cell types during pancreatic development, but may also play an important role in mediating metaplastic conversion between epithelial cell types in adult pancreas.
Experimental procedures

Immunoreagents
The following antibodies were used at the indicated dilutions for immunofluorescence analysis; rat monoclonal anti-E-cadherin (Zymed Laboratories Inc., 1:200), rabbit polyclonal anti-nestin (gift from Dr R. McKay, 1:1000), mouse monoclonal anti-nestin (Transduction Laboratories,1:50), rabbit polyclonal anti-p48 (gift from Dr H. Edlund, 1:1000), rabbit polyclonal anti-Ngn3 (1:250), rabbit polyclonal anti-Pdx-1 (gift from Dr C. W. Wright, 1:500), goat polyclonal anti-amylase (Santa Cruz Biotechnology Inc., 1:500), goat polyclonal anti-vimentin (Santa Cruz Biotechnology Inc.,1:200), guinea pig polyclonal anti-insulin and anti-glucagon (Linco Research Inc., 1:1000). The following reagents were purchased from Jackson ImmunoResearch Laboratories Inc.: Biotinconjugated anti-rat (1:500), anti-guinea pig (1:500) and anti-goat IgG (1:500). Cy3-and Cy2-conjugated streptavidin (1:1000, 1:300), Cy3-conjugated anti-rabbit (1:300), and Cy5-conjugated anti-rat (1:300). For immunolabeling, tissues were fixed, sectioned and stained as previously described (Esni et al, 1999) . Immunolabeling of p48 and Ngn3 were performed on fresh frozen and paraffin sections, respectively. X-gal staining was performed according to manufacturer's recommendations (Invitrogen).
Generation of anti-ngn3 antiserum
To enable detection of ngn3 protein expression, a rabbit polyclonal antiserum directed against the unique Nterminal region of ngn3 was generated in Dr Stoffers' laboratory. The coding region of the first 52 amino acids of ngn3 was cloned downstream of the glutathione Stransferase coding sequence in the pGEX4T-1 bacterial expression vector (Pharmacia). Bacterially expressed GST-ngn3 fusion protein was purified from E. coli and injected into rabbits (Covance Inc). The strongest bleed was further purified by depleting GST-specific antibodies, and then by concentration over a Protein A column (Pierce Biochemicals). The resulting antiserum strongly labeled E15.5 pancreatic epithelium, in the same pattern as a previously described ngn3 antiserum (directly compared, using an aliquot of guinea pig anti-ngn3 antiserum kindly provided as a gift by Dr Michael German).
Confocal and fluorescent microscopy
Fluorescence confocal microscopy was performed with a confocal laser scanning microscope (410LSM, Zeiss) using 40 £ (NA 1.2) C-apochromat or 100 £ (NA 1.4) objectives. The sections were scanned for Cy3 (excitation 543 nm)-and FITC-tagged (excitation 488 nm) markers. Sections (10 sections with images 512 £ 512 pixels) were scanned at a pixel size of 0.07 mm and step size of 1 mm. Image analysis was performed using MetaMorph series 5.0 software (Universal Imaging Corp.). For specimens not requiring confocal analysis, images were obtained on an inverted motorized microscope (Axiovert 200M, Zeiss) outfitted with Cy5, Cy3, FITC and DAPI filters. Threeand four-color images were captured using a Zeiss Axiocam, and pseudocolors assigned using Zeiss Axiovision software.
Explant culture of embryonic pancreas
Isolation and culture of pancreatic rudiments were carried out essentially as previously described (Esni et al., 2001; Gittes et al., 1996) . Intact E10.5 dorsal buds were dissected and cultured on Millipore filters for 7 days in the presence or absence of 50 ng/ml human recombinant TGF-a (R&D Systems). For isolation of individual cells, tissues were trypsinized (0.025 U/ml) for 5 min at 37 8C, then washed in PBS. Following centrifugation single cells were collected on superfrost w slides, and air dried overnight at room temperature for subsequent stainings. For adenoviral infection of isolated E10.5 dorsal bud epithelium, freshly harvested pancreatic buds were incubated for 1 min at room temperature in 0.6 U/ml dispaseI (Roche). After separating the epithelium from the surrounding mesenchyme, naked buds were submerged in 200 ml culture medium and infected with appropriate adenoviral vectors at an estimated MOI of 1000:1 overnight at 37 8C. Infected buds were then transferred onto membranes, recombined with freshly harvested E11.5 dorsal mesenchyme and cultured for 6 days.
